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Abstract 
The corrosive breakdown of thin iron films supported on silicon substrates under a number of 
conditions is presented—in particular to understand better how iron, and hence ferritic steel, 
behaves in a salty water environment. A combination of X-ray and neutron reflectometry was used 
to monitor the structures of both the metal and oxide surface layers and also organic corrosion 
inhibitors adsorbed at the iron/aqueous interface. 
 
A range of behaviour in seawater was observed, including complete dissolution and void formation 
under the metal surface. Importantly, two simple treatments—UV/ozone or soaking in ultrapure 
water—were found to significantly protect the iron surface for considerable lengths of time, 
although evidence of pitting corrosion began after around 10 days. The underlying causes of the 
efficacies of these treatments were further investigated using X-ray photoelectron spectroscopy.  
 
In addition, three potential corrosion inhibitors were investigated: (i) dodecyltrimethylammonium 
bromide (DTAB) demonstrated no ability to protect the surface; (ii) sodium dodecyl sulfate (SDS) 
appeared to accelerate corrosion; (iii) bis(2-ethylhexyl)phosphate showed an impressive level of 
protection (the neutron reflectometry results indicated a thick diffuse layer of surfactant of 23 % 
surface coverage). These findings have been interpreted in terms of preferential inhibitor adsorption 
at cathodic and anodic surface sites (depending on the nature of the inhibitor). 
 
Introduction 
 
The extraordinarily high cost of corrosion to the world economy is inescapable, coming in at an 
estimated 3–4 % of the GDP of industrialised nations1,2. Whilst it has been a key topic for scientific 
research for many years, the complexity of corroding systems, which typically involve a whole range 
of metal, oxide, hydroxide and dissolved species, has meant corrosion remains a problem essentially 
without a solution. The theoretical background of corrosion is well-documented in the literature3–5; 
briefly, anodic and cathodic areas exist on a metal surface exposed to a corrosive environment and 
form an electrochemical cell in the solution. The anodic reaction involves oxidation of the metal—for 
example, in the case of iron: 
 →		

 + 2 
Various complementary cathodic reactions are possible, including: 

 + 2
 + 4
 →	4 
2 + 2 →	
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Salty solutions such as those found in seawater are well-known to be highly corrosive; in particular, 
the chloride ion is extremely aggressive towards iron and other metal surfaces. The reason behind 
this probably arises from a number of causes, not least that the formation of the soluble FeCl2 
complex at the anode will pull the dissolving iron into solution and prevent it reprecipitating6. Metals 
capable of forming a ‘passive’ oxide film at the surface that provides some resistance to 
homogeneous uniform corrosion are typically more prone to the formation of localised pits that can 
be extremely detrimental, particularly given the difficulty associated with either predicting them or 
locating them once formed7. 
 
Whilst the oxide film that forms at the iron surface is often referred to as ‘passive’, this is not strictly 
accurate—although it is able to offer resistance to corrosion in some environments, it is still 
relatively easily broken down in chloride-containing solutions. The exact mechanism by which 
chloride ions interact with the oxide film to initiate pitting corrosion has been unresolved for many 
decades6–10. A selection of mechanisms have been proposed, the most prevalent being adsorption, 
film breakdown and penetration. Briefly, the adsorption mechanism assumes preferential chloride 
adsorption at the oxide surface, displacing oxygen anions and catalysing the stripping of FeIII ions via 
formation of FeOCl complexes3. This is presumed to lead to greatly accelerated thinning of the 
passive film localised at positions where the chloride ions have adsorbed11. Kinetic measurements on 
a stainless steel surface indicate that the halide ions adsorb in groups of 3 or 4 to form a soluble 
complex around a surface cation, which is then immediately pulled into solution12. 
 
The film breakdown mechanism assumes that pitting arises due to local cracks or defects in the 
oxide film where the bare metal is exposed to the electrolyte. These areas should be able to 
repassivate in solution, but, in the presence of aggressive anions, corrosion will occur at a higher 
rate than the repassivation and hence lead to pit formation. Due to the poor lattice match of iron 
oxide to the underlying metal, the likelihood of crack formation is thought to increase for oxide 
layers above a critical thickness due to internal stresses. It is also thought that the adsorption of the 
chloride ions may cause peptisation due to repulsion of the charged complexes, leading to cracks 
forming in the oxide film13–17. 
 
The penetration mechanism proposes diffusion of chloride anions through the oxide film to the 
metal/oxide interface, where they then accelerate dissolution of the metal. They are thought to 
travel across the oxide layer via dislocations that allow the passage of complexing water molecules10. 
Numerous studies have been conducted in an effort to detect chloride ions within the oxide film 
(and particularly at the metal/oxide interface), with apparent evidence available in abundance for 
both their presence and absence. Although several papers present depth-profiling XPS, Auger and 
SIMS data showing chloride penetration throughout the oxide film13,18–22, others demonstrate that 
these techniques often also show the presence of chloride in control samples and suggest that they 
may be an artefact of the technique23; alternatively, it has been suggested sample preparation is key, 
since the oxide film is often grown within a chloride-containing solution24–26. Strehblow raises the 
Page 2 of 26
ACS Paragon Plus Environment
Langmuir
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
issue that pit nucleation times (of <1s in some instances) are often shorter than the time expected 
for aggressive anions to diffuse across the passive layer, indicating instead that their main activity 
may lie at local defect sites27. 
 
The passive oxide film that forms on iron surfaces has long been the subject of study, and is not 
simple in structure or composition. Whilst the exact nature of the passive layer may depend on the 
precise sample in question (preparation, environmental exposure etc.), it is normally found to 
comprise a mixture of oxides and hydroxides, most commonly hematite (Fe2O3) and magnetite 
(Fe3O4). Nagayama et al. model the oxide layer formed on iron upon oxidation in air as comprising 
Fe3O4 initially, of which the outer part is gradually oxidised to form γ-Fe2O3 (maghemite); the 
outermost part of this is further oxidised to form a thin layer that appears to adopt a ‘vacancy’ 
structure depleted in iron28. Polarised neutron reflectometry (PNR) data measured for iron films has 
found the oxide film to be partially magnetic, suggesting a mixture between magnetite (magnetic) 
and hematite (non-magnetic)29,30. Depending on the precise environment, the surface of the oxide is 
often covered with a hydroxide film; Haupt et al. used a combination of angular-dependent XPS and 
electrochemical methods to characterise this outermost layer as comprising a mixture of FeO and 
Fe(OH)2 when the surface is exposed to an alkaline electrolyte
31. Cahan et al. link the penetration of 
protons into the passive film, and hence increasing concentration of FeII ions as opposed to FeIII, to 
the likelihood of the film dissolving, as FeII has a much higher solubility32. Foley et al .reported that it 
is the outer γ-Fe2O3 in the oxide film that is ‘passive’ against corrosion, whereas the Fe3O4 content is 
more vulnerable to attack, presumably due to the increased FeII content33.  
 
Whilst many surface treatments exist to protect iron and related surfaces against corrosion, it is 
difficult to completely prevent any crack or defect and hence the potential formation of pits; to this 
end, corrosion inhibitors may be added that adsorb to the surface preferentially, displacing any 
aggressive species and hence passivating the metal surface19. An advantage of using inhibitors is that 
they can compete with corroding species to readsorb to surfaces after corrosion has started, 
whereas metals may struggle to repassivate after breakdown of the oxide film. It has been shown 
that effective corrosion inhibition is achieved at much less than full surface coverage, since the 
inhibitors—often organic species—adsorb firstly to active sites on the surface that are particularly 
prone to corrosion; the remaining surface sites are generally extremely slow to corrode in 
comparison34–37. 
  
Traditional methods of corrosion study are often physical—e.g. weight loss tests—or 
electrochemical—e.g. electrochemical impedance spectroscopy (EIS). Whilst these certainly have 
great advantages (for example, electrochemical methods often allow a simple way of quantifying the 
corrosion of each system), they are limited in the extent to which they can provide fundamental 
structural information about the corroding interface. Techniques such as X-ray photoelectron 
spectroscopy (XPS)38,39 have been used to better understand the surface chemistry of corroding 
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surfaces, and whilst these are mainly ex situ, the increasing popularity of new near-ambient XPS 
techniques makes this a promising tool for future study in this area. 
 
In this work, the main techniques used were X-ray reflectometry (XRR) and neutron reflectometry 
(NR), both of which give approximately angstrom-level definition of film thicknesses (inversely 
proportional to the spacing of the characteristic Kiessig fringes), roughnesses and composition in the 
z-direction (perpendicular to the surface plane).  
 
Whilst both XRR and NR are extremely powerful in characterising the structural features of corrosive 
systems  at the angstrom-scale, they remain relatively untapped techniques in this area40. A few 
studies also exist pertaining to the use of X-rays in this area—for example, Springell et al. combined 
XRR with X-ray diffraction (XRD) to monitor the corrosion and accompanying changes in density of 
uranium oxide layers on uranium samples, uncovering buried changes that would have been difficult 
to measure by other techniques41.  
 
In this work, iron films deposited on silicon substrates were subjected to varying corrosive 
environments with the aim of discovering how the iron and oxide layers respond to exposure to 
high-salt solutions, chosen to mimic natural seawater. XRR and NR were combined to measure the 
changes in metal/oxide and adsorbed surfactant structures (when potential corrosion inhibitors 
were added) respectively. Other promising anti-corrosion treatments were also discovered 
serendipitously, as discussed below.  
 
Experimental 
 Concentration /  
g L-1 
 Concentration /  
mg ml-1 
Cl- 19.29 Ca2+ 0.40 
Na+ 10.78 CO3
2- 0.20 
SO4
2- 2.66 Br- 0.06 
Mg2+ 1.32 Others < 0.01 
K+ 0.42   
Table 1. Concentrations of salts used in model seawater, from Sigma-Aldrich sea salts. 
Materials 
Iron films (10–20 nm thickness) were deposited onto polished silicon substrates, (111)-orientation, 
(n)-type, using electron-beam deposition in vacuo at the Nanoscience Centre at the University of 
Cambridge. All chemicals were purchased from Sigma-Aldrich and used without further purification 
(purities >99 % as determined by GC and/or titration). Model seawater (aerated) was prepared from 
the standard sea salts provided by Sigma-Aldrich, with a salt composition comparable to that used 
throughout the literature42,43, as detailed in Table 1. The concentration of the surfactant solutions 
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was 5 mM other than for bis(2-ethylhexyl)phosphate, where a saturated solution was used 
(solubility in water is 0.56 mM). 
 
XRR 
XRR profiles were collected at the Cavendish Laboratory, Cambridge using a Bruker D8 X-ray 
diffractometer with copper target (wavelength 1.54 Å) and a Goebel mirror. An accelerating voltage 
of 50 kV was used and a primary beam size of 0.1 mm. 0.35 mm soller slits were inserted before the 
detector, which was operated in 1D mode. XRR scans were run in 2θ/ω mode and data were fitted 
using GenX 2.0.0 software44. Iron films were measured as-received, and then following exposure to 
the solution of interest. The iron film/silicon substrates were mainly large blocks (100 mm x 80 mm x 
15 mm) clamped into a custom-made PTFE trough, although measurements were also taken of 
smaller pieces (10 mm x 10 mm x 1 mm) left soaking in solutions in open air for comparison, as 
detailed in the results section. The substrates were removed from the solution and allowed to dry 
before each measurement. Uncertainties were calculated from a bespoke bootstrapping procedure 
(see Supporting Information). 
 
XPS 
XPS measurements were taken at the NEXUS laboratory in Newcastle using the AXIS Nova XPS 
spectrometer equipped with a monochromatic Al-Kα X-ray source. Small silicon wafers (10 mm x 10 
mm x 1 mm) were coated with the iron films and measured as-received, after UV/ozone treatment 
(30 minutes) or after soaking in ultrapure water (18.2 MΩ cm, 1h). Spectra were fitted using the 
CasaXPS software using a Shirley background and calibrated by setting the C 1s peak to 285.0 eV. 
 
NR 
Neutron reflectometry data were collected using the OFFSPEC instrument at the ISIS neutron facility, 
Rutherford Appleton Laboratory, UK. Full details of the instrument may be found elsewhere45. The 
instrument was used in non-polarised mode, and a magnetic field was applied to the samples to 
prevent any potential effects of domain scatter. Data were collected at scattering angles of 0.5°, 1.0° 
and 2.0°. Silicon substrates (100 x 80 x 15 mm) coated with an iron film were cleaned by UV/ozone 
(30 minutes) before being mounted in a custom-made aluminium cell with a PTFE trough. The 
footprint was controlled to only illuminate the surface region within the trough. The bare substrates 
were characterised in D2O, H2O and CMSi (a 38:62 mixture of D2O and H2O to contrast-match to the 
silicon). The solution of interest (seawater or a surfactant dissolved in seawater) was then pumped 
in via HPLC syringe pump and measurements taken immediately at the middle angle (1.0°), as the 
greatest changes in reflectivity would be expected in this region. A full set of data (with a 
measurement time of 2 hours) was then collected across all angles, compared to that initially taken 
at 1.0° and added together if no difference was seen. The sample exposed to seawater alone was 
removed from the sample cell after 15 hours and allowed to dry before being resubmerged in 
seawater exposed to the atmosphere for 4 hours and then resealed in the NR sample cell to ensure 
lack of oxygen was not preventing corrosion, as detailed in the results section. Fitting of the NR data 
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was also executed using the GenX 2.0.0 software; the model averaged the intensities from up- and 
down-spin states, using the assumption that the magnetic domain size was larger than the 
coherence length of the beam. 
Results and Discussion 
 (1) Corrosion in untreated seawater. 
 
Figure 1a) XRR data (points) and model fits (solid lines) for iron film pre-soaking and post-soaking in seawater after 3 
and 24 h, as labelled. Data offset vertically for clarity. b) Scattering length density (SLD) profiles of the model fits (real 
and imaginary). 
  Thickness / Å 
 Density 
/ f.u. Å-3 
Bare Fe film After 3 h 
 seawater 
After 24 h 
 seawater 
SiO2 0.0220 12 12 9 
Fe 0.0850 150 149 0 
Fe oxide 0.0212 45 39 0 
Hydroxide 0.0103 13 14 0 
Table 2.  Fitted parameters for the bare iron film and after exposure to seawater (fixed parameters in italics). The units 
used for the density are those used by the GenX fitting software. The thickness values are modelled to an accuracy of +3 
Å. 
Representative XRR data for an iron film soaked in seawater is displayed in Figure 1, with model fits 
included. The bare iron film was modelled using three layers—pure iron, an iron oxide layer and a 
thin iron hydroxide layer on top, as summarised in Table 2. An SiO2 layer was also included to 
capture the native oxide. The densities of the SiO2 and Fe layers were kept fixed at the expected bulk 
values, whilst those for the oxide and hydroxide films were fitted, as their exact composition was not 
known in advance; furthermore, it seemed likely that their average densities might change upon 
exposure to the corrosive seawater due to formations of voids or cavities. The initial thickness of the 
iron film (150.0 Å) was in good agreement with that expected from the deposition process. 
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The fitted scattering length density (SLD) profiles shown in Figure 1b demonstrate that there is little 
change (within uncertainties) to the sample after 3 h soaking. However, the entire film is essentially 
dissolved after 24 h, as clearly shown by the loss of fringes in Figure 1a. (It should be noted that the 
high level of roughness in the fully corroded samples makes any conclusions about exactly how 
much material remains on the sample difficult, due to greater levels of diffuse scattering; however, it 
is clear that the vast extent of the original metal film has been destroyed). Interestingly, visual 
inspection of the film after 3 h showed some evidence of localised corrosion (Figure S1) that is not 
picked up by the XRR technique; this is because the reflection technique measures composition 
averaged across the whole sample and hence localised changes may not give a significant variation 
overall. Additional samples soaked in seawater left in open air showed the same trends, 
demonstrating that the process of sealing the film in a cell had little or no effect on the corrosion 
process. 
 
Figure 2. a) XRR data (points) and model fits (solid lines) for a bare iron film as-deposited and after soaking in seawater 
for 3 h, 6 h and 24 h as labelled. Data offset vertically for clarity. b) SLD profiles for the model fits. 
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Figure 3a) XRR data (points) and model fits (solid lines) for a bare iron film as-deposited and after soaking in seawater 
for 9 h as labelled. Data offset vertically for clarity. b) SLD profiles for the model fits. 
 
Figure 4a) XRR data (points) and model fits (solid lines) for a bare iron film as-deposited and after soaking in seawater 
for 14.5 h, as labelled. Data offset vertically for clarity. b) SLD profiles for the model fits. 
In an attempt to get a more detailed breakdown of the corrosion process between 3 h and 24 h, 
three further identical samples were soaked in seawater for varying time increments, with the XRR 
data and model fits shown in Figure 2–Figure 4. The most immediate observation is that there is 
significant variation in the rate of corrosion between samples, as might be expected from the well-
established difficulty in predicting corrosion and pit formation. For example, the model fit shown in 
Figure 1 for the sample after 3 h seawater indicated essentially no change in iron or oxide layers, 
whereas for the sample shown in Figure 2, the only way to model the experimental data was by a 
loss of around 18 Å iron, and around 20 Å oxide (see Table S1 for fits and uncertainties derived from 
the bootstrapping procedure).  
 
After 6 h exposure to seawater, there is evidence of a void growing under the iron film, seen by a dip 
in the SLD profile (Figure 2b), and it was necessary to include a more gradual variation in the SLD 
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than for the simple few-block model. The sample soaked for 9 h (Figure 3) showed a similar 
underlying void, although to a lesser extent than at 6 h—this is most probably due to slight 
variations in the samples; even though both were prepared at the same time in identical fashion, 
even minor differences in the density of surface active sites may cause significant variation in the 
propagation rates of pitting corrosion46,47. Singh et al. have previously seen a similar void-growth 
behaviour for nickel films in acidic chloride solutions using neutron reflectometry48; reflectometry 
techniques clearly offer an opportunity to monitor such structural changes that would be very 
difficult to observe otherwise. 
 
Interestingly, the fits for the corroding samples necessitated inclusion of a high-SLD layer at the 
surface, arising from an increase in density of the oxide film. This may be an artefact of the fitting 
process, due to the high layer roughnesses as corrosion progresses, or may be an indication of iron 
diffusion towards the surface.  
 
However, it is clear that by 15–24 h, the entire iron film has broken down in all cases, with only a 
small, extremely rough layer remaining. This corresponds to a yearly dissolution of around 10 μm, 
which is relatively low; normally, levels of < 0.05 mm year-1 are considered satisfactory, a factor of 5 
greater than that seen for the iron samples here49. However, the propagation of pits such as those 
seen for one of the samples may lead to accelerated corrosion and catastrophic breakdown of the 
iron surface; certainly, the rate of corrosion is seen to increase over time for all the samples, with 
the bulk of dissolution occurring between 9 and 24 h. It is also worth noting that the nature of the 
thin films used in this work may differ slightly in their response to corrosive solutions compared to 
the bulk substrate in terms of stresses across the film etc. However, no evidence of delamination 
from the underlying silicon was seen as the ‘voids’ were not directly at the silicon/iron interface. 
 
 
Figure 5 a) NR data (points) and model fits (solid lines) for an iron film as-deposited under three different water 
contrasts, as labelled (CMSi = contrast-matched to silicon). Data offset vertically for clarity. b) SLD profiles for the model 
fits. 
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Figure 6. NR data for iron film in pure H2O (blue) and after 27 h soaking in seawater/H2O, with enlarged central section 
shown in inset. 
NR data for a bare iron film in the three water contrasts is shown in Figure 5a with the SLD profiles 
of the model fits shown in Figure 5b. The iron layer was modelled to be 205 Å (+3 Å) thick, in good 
agreement with the expected deposition thickness, with an oxide layer 29 Å (+3 Å) thick. Following 
characterisation, the neutron cell was filled with seawater/H2O with a large volume being pushed 
through to ensure complete exchange. Neutron reflectivity profiles were subsequently recorded 
after every 2 h in order to fully characterise the corrosion process. 
 
However, in a departure from the XRR results, which showed that most of the film was dissolved 
after 15 h, no change was seen in the neutron data at all after this time. To ensure the corrosion was 
not being prevented by lack of oxygen, air was pushed through the cell for several minutes before 
being refilled with seawater. As the subsequent profile again showed no change, the sample was 
then removed and allowed to stand in seawater left in the open air for 4 hours, before being 
resealed in the cell and remeasured over 2 h intervals; after 27 h, at the end of the experiment, the 
data still showed essentially no change (Figure 6).  
 
As this result was in stark contrast to the XRR data, it is clear that there must be some additional 
effect causing the different samples to corrode at very different rates. Given that the act of sealing 
or not sealing the sample in a cell had already been found to have no effect on the corrosion rate, 
only two differences in sample treatment remained: 
(i) First, the samples for neutron analysis were cleaned using UV/ozone cleaning for 30 minutes 
before analysis (to ensure the removal of any adventitious organic contamination that would 
complicate the neutron data).  
(ii) Secondly, in order to characterise the bare iron films, they were firstly measured in ultrapure 
water (H2O, D2O and CMSi—i.e. water with SLD contrast-matched to that of silicon), whereas 
the samples used for XRR were placed directly into the seawater without firstly being 
exposed to ultrapure water (‘UPW’).  
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In order to verify the effects of either or both of these experimental steps on the corrosion rate of 
the iron substrates, further samples were separately treated by UV/ozone or pre-soaked in UPW 
before being subjected to seawater and characterised by XRR over time, as detailed below. 
 
 
 
 
 
 
 
 
 
 
 
 (i) Effect of UV/ozone 
 
Figure 7a) XRR data (points) and model fits (solid lines) for an iron film as received, after cleaning with UV/ozone for 1h 
and after 40 minutes of soaking in seawater, as labelled. (Data offset vertically for clarity). b) SLD profiles for the model 
fits. 
Figure 7 shows the XRR data and model fits for an iron sample as-deposited, after cleaning with 
UV/ozone and following subsequent soaking in seawater for 40 minutes. Unsurprisingly, an increase 
in thickness for the oxide layer is seen after 1 h UV/ozone cleaning, albeit a modest one of 6 Å. After 
40 minutes of seawater, a further increase in oxide thickness is seen, accompanied by a small 
dissolution of the underlying iron layer (of 3 Å); the roughness of each layer also increases to 10–11 
Å.  
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Figure 8a) XRR data (points) and model fits (solid lines) for an iron film as received and after cleaning by UV/ozone and 
then soaking in seawater for various amounts of time, as labelled. b) SLD profiles for the model fits. 
A second sample was cleaned in the same way and its behaviour in seawater monitored over a 
longer timescale, with the results and model fits shown in Figure 8. The difference between this 
sample and the untreated iron samples soaked in seawater discussed above is immediately notable; 
whereas the untreated iron completely dissolved in under 24 h, the sample cleaned by UV/ozone 
still retained most of the iron film even after 42 days, as can be seen in the continued observance of 
distinct fringes. From the SLD profiles generated by the model fits shown in Figure 8b, it can be seen 
that from 9–17 days onwards, a buried void structure begins to form (demonstrated by the dip in 
SLD). To obtain an acceptable fit, the sample had to be divided into several layers with high 
roughness. The void—presumed to arise from a loss of Fe caused by pitting corrosion—continued to 
grow until the end of the measurement at 42 days, and the iron layer decreased gradually in density.  
 
Figure 9. XPS spectra in the Fe 2p region comparing an uncleaned Fe film (blue dotted line) to one cleaned by UV/ozone 
for 30 min (red solid line). 
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Whilst the UV/ozone-grown oxide layer is clearly not entirely impermeable to water or dissolved 
corrosive ions, it still undoubtedly provides a much greater corrosion resistance than the untreated 
iron surface, even though this has a naturally-formed oxide layer of similar thickness. The effects of 
the UV/ozone cleaning on the surface are subtle in magnitude—only a small increase in oxide 
thickness and no difference seen in its density—but greatly increase the lifetime of the iron surface. 
One possible reason for this is that the native oxide may be patchy in places initially, and hence the 
UV/ozone treatment produces a full, unbroken layer with fewer reactive sites where corrosion may 
initialise. XPS spectra (Fe 2p region) for an as-deposited iron film with no cleaning compared to one 
cleaned by UV/ozone treatment (30 minutes) are shown in Figure 9. It is evident that the Fe metal 
2p peak at 706.7 eV diminishes after cleaning whilst the Fe oxides (encompassing both FeII and FeIII) 
2p3/2 peak around 711.0 eV increases in intensity. The increase of oxide concentration at the surface 
would support the hypothesis of surface healing suggested by the XRR results. 
 
As discussed in the introduction, several mechanisms remain in contention concerning the effect of 
the chloride ion on an iron oxide surface layer. Whilst no absolute conclusion can be inferred from 
the results here, it seems likely that a combination of mechanisms is indicated. Presumably, the 
primary effect of the UV/ozone cleaning is to heal any defects in the oxide film and ensure a 
complete, rather than patchy, oxide layer. This would support the film breakdown model as being 
the dominant initial pit formation mechanism. However, as pits do still form, although after a 
prolonged period of time, it may be that either the penetration and/or adsorption mechanisms 
come into force after a delay. Therefore, whilst UV/ozone cleaning is extremely effective at 
protecting the surface initially, further control measures may be needed to protect against these 
other mechanisms and eventual breakdown of the oxide film. 
 
 (ii) Soaking in UPW 
 
Figure 10a) XRR data (points) and model fits (solid lines) for an iron film as received and after soaking in UPW and then 
in seawater for various amounts of time, as labelled. b) SLD profiles for the model fits.  
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 Secondly, an iron film was soaked in UPW (18.2 MΩ cm resistivity) for one hour before then being 
soaked in seawater over varying amounts of time. The XRR data and model fits are shown in Figure 
10. Surprisingly, the effect of pre-soaking the iron in UPW, even for only an hour, is seen to be highly 
efficacious in preventing corrosion, despite the sample being frequently dried and re-exposed to 
seawater afterwards. Whilst corrosion is seen to happen more quickly and more extensively than for 
the UV/ozone-cleaned sample shown above (Figure 8), the small fringes still seen after 34 days 
demonstrate that some kind of iron layer still remains, in distinct contrast to the unsoaked iron film 
that dissolves after 24 h (Figure 1). After 9 days, the fitted profile shows a thick precipitated 
corrosion layer at the surface (Figure 10b). However, the maintained good signal around the critical 
edge indicates that the sample is still reflective and that there hasn’t therefore been extensive 
roughening. 
 
There is no obvious immediate reason why this should happen; soaking a metal film in de-ionised 
water seems unlikely to grow a protective oxide layer or remove defects, although the model fit 
after 24 h in seawater (Figure 10b, green line) shows an increase of 5 Å (+3 Å) in the oxide thickness.  
 
Figure 11. XPS spectra in the Fe 2p region comparing an untreated Fe film (blue dotted line) to one soaked in UPW for 2 
hours (red solid line). 
In contrast to the XPS results for the UV/ozone-treated iron film (Figure 9), spectra comparing an 
uncleaned iron film to one soaked in UPW for 2 hours (Figure 11) show very little change in the peak 
intensity ratios, indicating that there has been no change in the nature or thickness of the passive 
layer. However, as shown by the XRR results, a film soaked for half this time showed a greatly 
enhanced corrosion resistance. Very little difference is seen in the deconvoluted peak fits for any of 
the regions analysed, shown in Figure S2 (C 1s, O 1s, Fe 3p, Fe 2p, Si 2p, Fe 3s and Si 2s). 
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Figure 12. Survey XPS spectra for the untreated Fe film and that washed in UPW for 2 h, as labelled, with key peaks 
shown. 
 
 
 
 
 
 
 Control sample UPW-soaked sample 
Binding 
energy / eV 
Peak 
Assignment 
Binding energy 
/ eV 
Peak 
Assignment 
Si 2p50 101.7 SiII or SiIII 100.0 Si0 
Si 2s 153.2  N/A  
Fe 3s 93.6 
 
α-/γ-Fe2O3 91.0 
94.2 
Fe0 metal 
FeOOH 
Fe 3p 52.8 
55.7 
Fe0 metal 
α-/γ-Fe2O3 
52.6 
55.4 
Fe0 metal  
α-/γ-Fe2O3 
Table 3. XPS fitted parameters for the Si 2s and 2p and the Fe 3s and 3p peaks for control iron film and that washed in 
UPW. 
The survey spectra for an untreated iron film (freshly deposited) and that washed in UPW are shown 
in Figure 12. The only significant difference is that the control sample shows a small peak for the 
silicon 2s region, which is missing in the washed sample. The fits for the Si peaks and Fe 3s and 3p 
peaks (which give the clearest distinction between the different Fe oxides) are summarised in Table 
3; the Fe 3p spectra for both suggest the dominant species is FeIII oxide rather than FeII (which would 
show a peak closer to 54.0 eV51. This is supported by the Fe 2p spectra, which were deconvoluted 
into peaks at 711 and 713 eV for both samples, indicative of the FeIII 2p3/2 peak and its satellite 
(whereas the binding energy for FeII is expected to occur around 709-710 eV). The Fe 3s peak for the 
sample washed in UPW may also indicate the presence of FeOOH. 
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 There is a subtle difference in the Si 2p assignments for the two samples, although this is 
complicated due to their proximity to the Fe 3s peaks; the main difference is seen in the 2s region, 
where a significant peak is seen for the untreated iron surface but no peak seen for that washed in 
UPW (peak fits shown in Figure S2). The peak for the untreated surface at 153.2 eV is indicative of a 
silicon salt, perhaps an organosilicate. It seems unlikely that this could have an effect on the rate of 
corrosion, however, and certainly not to the extent seen here. Therefore, the only conclusion must 
be that the water interacts with the iron oxide surface in some way that is not detectable by XPS but 
that considerably enhances its resistance to corrosion. One potential explanation may be that there 
is some kind of subtle but significant change in the surface segregation of the Fe ions (FeII vs FeIII) 
that falls within the thickness sampled by the XPS and hence cannot be easily resolved. However, 
this is supposition and cannot be directly inferred from these results. 
 
 
 
 
 
 
 
 
 (2) Effect of corrosion inhibitors 
 
 
Figure 13. Structures of potential corrosion inhibitors: a) dodecyltrimethylammonium bromide (DTAB) b) sodium 
dodecyl sulfate (SDS) c) bis(2-ethylhexyl)phosphate  
The search for effective corrosion inhibitors is a common theme in industrial-oriented literature. It is 
known that even small amounts of the right inhibitor are enough to greatly decrease corrosion rates, 
as they bind solely to active sites where corrosion initiates and hence passivate the surface34,35,52,53.  
The structures of the potential inhibitors used in this work are shown in Figure 13. 
 
 (i) Dodecyltrimethylammonium bromide (DTAB) 
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Figure 14a) XRR data (points) and model fits (solid lines) for an iron film as-deposited and then after 40 min and 7 days 
soaking in a DTAB/seawater solution, as labelled. Data transposed vertically for clarity. b) SLD profiles for the model fits. 
From consideration purely of electrostatic effects, it might be supposed that DTAB should have the 
strongest corrosion inhibition effect; the isoelectric point (IEP) of iron oxide is generally recorded as 
lying between pH 6.0 and 8.054–56 (zeta-potential results further indicate this is lowered to 6.2 (+0.5) 
in NaCl solutions) and so the surface should be negatively-charged at the pH of seawater (7.5–8.557). 
Hence, the cationic DTAB might be expected to adsorb to the anionic surface and so act as an 
inhibitor.  
 
However, as seen in Figure 14, no such corrosion inhibition is seen; indeed, there is significant 
roughening of the iron surface after just 40 minutes, suggesting early breakdown of the oxide film. 
Wei et al. also surmise that the positively-charge DTAB will prefer to bind at different surface sites to 
the negatively-charged chloride anion and hence have little effect on the rate at which they attack 
the metal58. A negatively-charged surfactant that adsorbs strongly should be able to compete with, 
and possibly displace, the chloride ion, resulting in a reduced corrosion rate. We now consider two 
anionic surfactants. 
 
(ii) Sodium dodecyl sulfate (SDS) 
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Figure 15a) XRR data (points) and model fits (solid lines) for an iron film as-deposited and then after 40 min and 24 h 
soaking in a SDS/seawater solution, as labelled. Data transposed vertically for clarity. b) SLD profiles for the model fits.  
Two negatively-charged surfactants were studied—SDS and bis(2-ethylhexyl)phosphate. The results 
for SDS are shown in Figure 15; it is evident that there is no improvement in corrosion inhibition over 
24 h, and indeed the surface seems to be significantly corroded after only 40 minutes. SDS is known 
to work as an effective corrosion inhibitor for metals in acidic environments, presumably due to the 
electrostatic attraction to the positively-charged surface at low pH35; however, sulfate anions have 
been reported to have a catalytic effect on iron dissolution due to the formation of an intermediate 
FeSO4
+ complex that is more soluble than the FeIII ion59. It would seem likely that something similar 
occurs in this situation with the RSO4
- headgroup aiding dissolution of the metal cations, and hence 
leading to an increased rate of corrosion. 
 
 
 
 
 
 (iii) Bis(2-ethylhexyl)phosphate  
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Figure 16a) Fitted XRR data for the iron film pre- and post-exposure to phosphate/seawater, as labelled, with model fits 
b) Corresponding SLD profiles. 
 
Figure 17. a) Fitted XRR data for the iron film pre- and post-exposure to phosphate/seawater, as labelled, with model 
fits b) Corresponding SLD profiles. 
Two samples were soaked in a saturated phosphate solution (bis(2-ethylhexyl)phosphate) in 
seawater over varying lengths of time, as shown in Figure 16. The phosphate does not completely 
halt corrosion; over 7 days, significant roughening of the surface is seen (the roughness of the iron 
layer increases from 12 to 32 Å), presumably due to patches of the iron corroding more quickly than 
other areas. However, this is a significant improvement on having no inhibitor, and better than the 
results seen for SDS and DTAB. Furthermore, after 15–21 days (Figure 17), a film of around the same 
thickness as the starting iron film is still observed, but with a density (and hence SLD) that is around 
a third of that expected for bulk Fe. This could be caused by patches of dissolution leading to an 
average decrease in density across a maintained thickness, or possibly by ingress of an element with 
lower SLD (such as O or C) into the iron layer. 
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Figure 18. Raw NR data for a bare iron film and after soaking in the phosphate/D2O-seawater solution, immediately and 
after 36 h, as labelled.  
 
Figure 19a) NR data for the bare iron surface (blue) under D2O and H2O and plus bis(2-ethylhexyl)phosphate (orange), 
saturated solution in D2O-seawater and H2O-seawater in order of descent. Data offset vertically for clarity. Data shown 
as points and model fits as solid lines. b) SLD profiles corresponding to the model fits. 
An iron film pre- and post-soaking in a phosphate/seawater solution was also examined using 
neutron reflectometry; raw data for the bare iron film in D2O, after the addition of the phosphate in 
D2O-seawater and measured again after 36 h are shown in Figure 18. Qualitatively, it is clear that an 
adsorbed layer has formed after immersion in the phosphate-containing solution, seen by the 
decrease in fringe spacing. However, the changes are relatively subtle, indicating that the film is 
diffuse. After 36 h, no change is seen in the reflectivity profiles, implying that no metal corrosion has 
occurred (also inferred from visual inspection of the sample, which looked unchanged). Model fits 
for the bare iron surface and the phosphate adsorption are shown in Figure 19. The bare sample 
comprised an iron layer 195 Å (+3 Å) thick and an oxide layer 39 Å (+3 Å) thick. After addition of the 
phosphate, inclusion of a 45 Å (+5 Å) phosphate layer, 77 % hydrated (i.e. 77 % of the surfactant 
layer was water), was needed to model the data.  
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Whilst it may appear surprising that the negatively-charged phosphate binds at all to the negatively-
charged surface (at this pH), the low coverage (23 %) indicates that the phosphate is selectively 
binding to a few surface sites—presumably the positively-charged anode sites. As this is where the 
chloride ions preferentially attack and hence where corrosion is initiated, selective adsorption of the 
phosphate to these sites has a significantly passivating effect. Although the overall surface charge is 
negative, the relatively high cation concentration in the seawater solution allows the phosphate to 
approach the surface. This may simply arise from the very strong ‘screening’ at the high electrolyte 
concentrations or potentially a cation-bridging effect, which has been observed previously for 
several systems60–62, including phosphates binding to negatively-charged silica hydroxyl surfaces63. 
The relative insolubility of the phosphate also makes it unlikely that it will complex the iron ions into 
solution as the SDS seems to do.  
 
Both organic and inorganic phosphates are commonly-used as corrosion inhibitors for steel surfaces 
in a range of environments64,65; although the results shown here indicate their effect is not as 
powerful as the surface-treatment approaches outlined above, they are clearly still able to exert a 
protective influence on the iron surface over a short amount of time, and hence to use them in 
conjunction with a rigorous surface preparation may be extremely valuable. 
 
Conclusions 
 
X-ray reflectometry has been used to monitor the dissolution of a deposited iron film when soaked 
in artificial seawater, showing average void growth under the passive oxide film from around 3 hours 
onwards that we interpret as arising from pitting corrosion. The entirety of a 20 nm iron film was 
completely dissolved between around 15 and 24 hours, with only a little iron-containing material 
remaining. 
 
Interestingly, it was found that two very simple treatment steps were highly effective in delaying this 
corrosion for several weeks; first, cleaning the samples by UV/ozone for only a short amount of time 
rendered the iron film intact for around 10 days, although a void did develop after this time. 
Although XRR results showed only a small growth in the oxide film thickness, the XPS signal ratio for 
the oxide to metal increased, indicating perhaps that any defects in the oxide had been repaired. 
This could account for the significant delay in corrosion onset. 
 
Secondly, soaking the samples in UPW for an hour before exposure to seawater was also surprisingly 
effective in preventing corrosion, albeit to a lesser extent than the UV/ozone cleaning. As neither the 
XRR nor XPS results comparing the as-deposited and soaked films showed any notable differences, it 
is unclear how this effect arises.  
 
Whilst no conclusion can be drawn from these results about the mechanism of chloride-assisted 
corrosion, they may add slightly greater weight to the film break mechanism as being the dominant 
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initial mechanism rather than adsorption or penetration, since no significant increase in oxide 
thickness was observed for the UV/ozone cleaning, but rather the corrosion protection effect was 
presumed to arise from healing of defects in the oxide film. The eventual void formation in even the 
UV/ozone-cleaned films indicates that other corrosion mechanisms may also be occurring but with a 
delayed onset. 
 
Finally, the effects of three potential corrosion inhibitors were studied. Neither DTAB nor SDS 
offered any improvement to the protection of the metal surface—indeed, SDS even seemed to 
accelerate the metal dissolution, presumably by catalysing dissolution of the insoluble FeIII ions. 
However, bis(2-ethylhexyl)phosphate was able to protect the surface, with only two thirds of the 
metal film dissolved after 21 days in seawater. The NR results showed formation of a relatively thick 
but diffuse surfactant layer bound to the iron oxide surface. The negatively-charged phosphate 
anion is likely to bind selectively to anode surface sites where corrosion will preferentially initiate via 
chloride attack. As the phosphate is less soluble than SDS and binds less strongly, it is less likely to 
catalyse dissolution of the metal cations. 
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